ABSTRACT. At low q^ (2.3 < q^ < 4.5), in the Princeton Beta Experiment, the discharges are limited by a hard disruption following the growth and sawtooth-like 'crash' of a <25 kHz precursor oscillation. The disruption, which occurs even in discharges with <)3 t > well below the first stability regime boundary (=2.5 /XoI p /aB t ), follows the crash of this precursor mode either immediately or with a delay of several milliseconds, with the immediate disruptions primarily occurring in the discharges with (0 t > close to the first regime limit. The highest </3 t ) discharges also exhibit the fastest growth times and the highest level of edge MHD activity. Associated with the precursor mode crash is a loss of up to 30% of the plasma energy; thus, for non-zero delay shots, it is the crash and not the actual disruption that is the <j3 t > limiting process. The delay period is interpreted as a period during which a locked mode, consisting of several toroidal components of comparable amplitude, grows. Because of the energy loss associated with the crash, the plasma goes vertically unstable during the delay period. The results of this study indicate that even within the relatively narrow low-q^ operating space, there is a continuum in the characteristics of the low-q^ disruptions with a primary dependence on the value of </3 t >. While the ideal external kink instability may give rise to the growing oscillations that lead up to the ultimate disruption, the instabilities are weighted towards the edge only at the lowest q^, (<3) and highest </3 t >. The results of this study indicate that effects outside the scope of ideal MHD theory may play a significant role in low-q^ disruptions.
INTRODUCTION
Discharges in the Princeton Beta Experiment (PBX), although achieving volume averaged <0 t > values of up to 5.5%, were limited to the first stability regime as parameterized by Troyon et al. [ 1 ] and Sykes et al. [2 ] . In these works, the first regime stability limit is given by </3 t > = Q/oIp/aBf where the constant of proportionality, C, is between 2.2 and 3.5, depending on whether the pressure profiles are optimized with respect to ideal kinks [ 1 ] or high-n ballooning [2] . This parametric expression is consistent with the </3 t > limits observed in conventional tokamak operation [3] . In two earlier papers [4, 5] , we reported analyses of PBX data that indicated the n = 1 ideal external kink to be a mechanism responsible for the </3 t ) limit in low-q (Qi// ^ 3) PBX discharges. Here, q^ is taken to be the MHD q-value at the 95% flux surface (because of the occasional presence of a separatrix surface in the vacuum vessel).
The first PBX paper [4] addressed the global characteristics of the high-<j3 t ) equilibrium and their relation to the </3 t > limits imposed by ideal MHD modes. The measured PBX pressure profiles and <j3 t > values in the high-<0 t >, low-q^ (< 3) discharges were determined to be stable to high-n ballooning modes; for the measured profiles, the </3 t > threshold for these modes was approximately 9%. However, the plasma equilibrium at </3 t >« 5.5% was found to be marginally unstable to the n = 1 ideal external kink for a conducting wall positioned at twice the plasma midplane half-width.
In the second PBX paper [5] , a more detailed comparison was made between some of the observed MHD phenomena and those expected from ideal MHD theory. On the basis of the calculated equilibrium for these discharges, the unstable eigenmode structure and the theoretically expected external magnetic perturbations were determined using the PEST code [6] . Although comparisons between the relative amplitudes of the NUCLEAR FUSION, Vol.28, No. 11 (1988) 1963 observed and calculated fluctuations generally showed agreement, more detailed agreement between the poloidal phase of the signals could be achieved only when non-ideal MHD effects (e.g. the presence of a resistive plasma mantle) were taken into account. In addition, growth times of the disruption precursor mode were typically longer than expected from ideal MHD theory.
In this paper, which is a companion to the paper by Jahns et al. [5] , we concentrate on the experimental details of the low-q disruptions and the precursor mode that leads up to the disruption. The data are from discharges with q^ < 4.5 that ended in a hard disruption regardless of the proximity to the first regime <0 t > limit. In particular, we will present data typifying two different disruption scenarios, one with the disruption immediately following the rapid growth of a low m/n precursor mode, and one which exhibits distinct phases: growth and 'crash' of the precursor mode, a delay period of several milliseconds following the crash, and then the disruption. The observation of sawtooth-like crashes that could cause a large and rapid energy loss from the plasma was reported previously [7, 8] , and in the latter paper it was recognized that crashes with large enough energy loss (> 20%) inevitably led to a disruptive termination of the discharge. Following the presentation of the disruption scenarios, we will present a statistical picture of the dependence of some of the identifiable disruption parameters on discharge characteristics. A large variation exists in the structures and characteristics of the pre-disruption modes and events. The variations form a continuum rather than discrete sets dependent on particular plasma parameters. Therefore, we will conclude that this continuum reflects more the different manifestations of one global mode rather than the consequences of different modes.
Because of the inherent uncertainties and incompleteness of the data set, we will not be able to draw any hard conclusions about the precise modes that lead to the disruptions. The aim of this paper, therefore, is to characterize, and not necessarily explain, the low-q disruptions in PBX. We will, nevertheless, speculate on the various possibilities in the Discussion section (Section 4.2).
PBX EXPERIMENT
The Princeton Beta Experiment (PBX) is described in detail in Bol et al. [4] and Okabayashi et al. [9] .
The aim of the experiment was to explore high-<|3 t ) regimes in both the first and second regions of stability to high-n ballooning. To do this, the PDX (Princeton Divertor Experiment) was modified by moving one of the inside divertor coils to the vessel midplane to act as a 'pusher' coil, providing the magnetic field component necessary to produce indented plasmas. The bean shaped configuration is theoretically more stable to high-n ballooning and internal kinks because of the effective outward shift of the magnetic flux surfaces and triangularity of internal flux surfaces, respectively [10] [11] [12] . However, to ensure that these internal kinks ('fishbones') would not be a problem, two of the four beamlines were reoriented from a near-perpendicular injection angle (R-tan = 35 cm) to a near-tangential one (Rtan = 130 cm). A further modification of PDX was the addition of nickel coated aluminium passive stabilizer plates on the top and bottom, which, along with an active feedback coil, suppressed the n = 0 axisymmetric mode and maintained the plasma vertical position during normal plasma operation.
PBX plasmas were produced with discharge parameters B t = 0.7 to 1.9T, n e = 1.5 to 7.0 X 10 13 cm~3, R = 144 to 153 cm, I p = 230 to 600 kA, a mid (midplane half-width) = 30 to 38 cm, elongations of up to 1.8, indentations of up to 22%, and q^ values down to « 2.2. Here, indentation is defined as d/2a* where d is the difference in major radial positions of the bean tip and the outer flux surface at the midplane on the inboard side, and 2a* is the difference in major radial positions of the bean tip and outer flux surface at the midplane on the outboard side. The highest </3 t > plasma discharges were obtained for the highest indentations, lowest q^'s, and highest plasma currents produced. To achieve these high plasma currents, the discharges were run with I p > 1.5 MA s" 1 in order to broaden the current profile and to produce the indentation and elongation necessary to support this current. These plasmas, described in more detail in Bol et al. [4] , were typically limited by the pusher coil or the top and bottom passive stabilizers, but sometimes were just barely diverted (i.e. x-points just inside the inboard stabilizer). The equilibrium flux contours for a high-^<3 t > discharge are shown in Fig. 1 . Discharge characteristics for this shot were <j3 t ) = 5.3%, I p = 570 kA, B t = 0.9 T, n e > 5 X 10 13 cm" 3 , q^ =3.0, i p = 2 MA • s" 1 , and P^j = 4.7 MW of deuterium beams (= 45 keV) into a hydrogen plasma. Note that although the entire separatrix surface remained inside the inboard stabilizer at this time, no L-to H-mode transition was observed for this shot. All shots with i p > 1. allowing sensitivity in the energy range of 2.2 to 25 keV, while the horizontal array had a variety of filters, but typically used a 0.5 mil Be filter allowing sensitivity in the 1.2 to 15 keV range. The highest frequency bandwidth achievable by either system was 200 kHz. A high resolution diamagnetic loop was used to measure the displaced toroidal flux, which is related to the perpendicular poloidal |3. The diamagnetic loop and compensation loops were mounted inside the vessel, and eddy current effects were negligible for the present studies. Neutron measurements were made with an uncollimated plastic scintillator mounted just outside the vacuum vessel. Fast charge exchange efflux measurements were made by a variable energy (5 to 90 keV), variable sightline (R tan = 58 to 160 cm looking at co-circulating particles) compact neutral analyser. A more detailed description of these diagnostics can be found in Heidbrink et al. [13] and references therein. Finally, plasma rotation velocities were determined by measuring the Doppler shift of the O 8 + line with the scannable single-point PBX-CHERS diagnostic [14] .
remained in the L-mode, regardless of the presence of a separatrix inside the vessel chamber. Also note from Fig. 1 the relative lack of shaping of the internal flux surfaces. This was due to insufficient flexibility in the control system.
The principal diagnostics used in this study consist of magnetic pickup loops, soft X-ray arrays, a fast diamagnetic loop, neutron scintillator, a fast charge exchange neutral analyser, and charge exchange recombination spectroscopy. The magnetic pickup loops, measuring magnetic perturbations, consist of a toroidal array of three in/out pairs of BQ coils (NA = 0.015 m 2 -turns) and a toroidal array of seven B r loops (NA = 0.04 m 2 -turns) for toroidal mode number (n) identification, and an eight probe poloidal array of BQ coils (NA = 0.015 m 2 -turns) for poloidal mode number (m) information. The data acquisition systems of these arrays limited the frequency information to < 2 0 kHz for the B e coils and <50 kHz for the B r loops. One stand-alone BQ coil provided frequency information up to 50 kHz. Since all of the fluctuations observed in this study had frequencies <25 kHz, and most of them had frequencies <20 kHz, the frequency limitation did not pose much of a restriction.
The soft X-ray (SXR) diagnostic consisted of a vertical array (15 diodes) and a horizontal array (21 diodes) of silicon surface barrier diodes. The vertical system had a fixed filter of 3 mil Be,
EXPERIMENTAL RESULTS

Overview of PBX <|3 t )-q^ operating space
In Fig. 2 are plotted the achieved <0 t > values versus the parameter /3 C = fx 0 I p /aB t for PBX discharges with indentations >5%. The discharges are sorted according to whether they were disruptive or non-disruptive. The Of particular importance to low-q operation of tokamaks is the second feature of Fig. 2 ; whether a discharge disrupted was controlled not by the proximity to the first regime limit (<j3 t >/j3 c ), but rather by the value of |3 C (or q^). It is clear that practically all discharges with |3 C > 1.9 were disruptive. The one exception was a pellet fuelled discharge which disrupted outside the time window defining disruptive discharges by a few milliseconds.
Below |3 C = 1.9, there were as many disruptive as non-disruptive discharges near the <| 3 t > limit. At the lowest /3 C , most of the discharges, even those near the <| 3 t > limit, were non-disruptive. These results differ from those of D-III. While q^ < 3.5 discharges on D-III, as in PBX, were always found to disrupt regardless of </3 t >/j3 c , the D-III discharges were characterized by a <| 3 t > limit that was also a disruptive limit even at higher q^ [16] . On the other hand, ASDEX, like PBX, could produce non-disruptive discharges at the </3 t ) limit for q^ > 4.0 [17] .
The disruption probability of a subset of the data shown in Fig. 2 , for discharges with q^ < 6.0 and with indentations > 5%, may be inferred from the histograms plotted in Fig. 3 . In the figure, the data are grouped into bins of Aq^ = 0.2, and shown are both the total number of discharges and the number of disruptive discharges within each bin. As q^ decreases, the percentage of shots that disrupted increases. For instance, at q^, = 5 , 25% of the shots were disruptive, but the percentage jumps to 80% at q^ = 4 and to almost 100% at q^ = 3. The Jahns et al. [5] study concluded that the jump in disruption probability at integer q^, specifically at q^ = 3 in that study, was evidence for the global nature of the mode involved in the disruption. Here, a global mode is taken to be a low-m and -n mode that affects the entire plasma rather than being a localized perturbation. This paper will focus on the characteristics of the hard disruptions for discharges with q^ < 4.5, and search for the parameters, if any, that were associated with a discharge surviving at the lowest q^ values.
3.2. Discharge evolution: events leading up to the disruption
Precursor activity
An overview of the two types of low-q disruption scenarios is shown in Fig. 4 . The discharge in the left hand panel was run with little (~0.5 MA-s" 1 ) current rampj resulting in a relatively low plasma current of 375 kA, <| 3 t > = 3%, and q^ = 4.5 (the upper limit of the q^ range for the data used in this study 
(right hand panel) before the discharge disruptions. Plotted in each panel is the evolution ofq^ (top), raw Mirnov coil signal (middle), and near-central chord integrated soft X-ray emissivity (bottom).
<j3 t > = 5.3%, and q^ = 2.2. Both discharges were hydrogen, and they were heated by 5 MW of deuterium neutral beams. The long sawtooth mode, high-</3 t > shots are described in more detail in Bol et al. [4] . The MHD activity leading up to the disruption in the two cases shown in Fig. 4 differed substantially, as can be seen most readily in the two lower graphs (outer midplane BQ and near central SXR signal). In the higher-q^ discharge, bursts of activity, associated with sawteeth lasted from approximately 450 to 550 ms, and these were followed in time by repetitive bursts of MHD between 550 and 630 ms identified as fishbones. At approximately 635 ms, a large amplitude precursor oscillation grew in both the central SXR and the Mirnov signals, and was followed by a 'sawtooth-like crash', which will be shown for a similar shot in more detail later. From here on, we will refer to this sawtooth-like crash as the 'pre-disruption event', or simply, 'event'. While a significant amount of energy was lost at the time of the event, the discharge did not terminate. In fact, although not shown in the figure, the plasma current remained unperturbed. There was a delay, in this case of about 10 ms, between the time of the event and the actual disruptive termination of the discharge at 647 ms. For this discharge, the frequency of the event precursor was approximately 5 kHz both in the centre (SXR) and outside the plasma (Mirnov probe). For all discharges studied, the centre and edge (outside) frequencies were seen to be equal.
In contrast to the higher-q^ shot, the lower-qd ischarge exhibited a relatively low level of MHD activity up until several tens of milliseconds before the disruption. Sawteeth were evident from 400 to 480 ms, but they are suppressed during the period of large current ramp (t > 480 ms). The period of no sawtooth, or little other MHD, activity lasted, in this case, for approximately 100 ms. Some magnetic activity appeared at 530 ms with a characteristic frequency of 8 kHz and Bfl/Bg « 0.5% at the position of the coil. Also present in this case, but not apparent in the figure, was a lower frequency mode at 1.6 kHz concurrent with the 8 kHz mode. Both frequencies exhibited an n = 1 toroidal structure. The SXR array was sampling fast enough to detect either frequency component only from 520 to 555 ms, and during this time both modes were observed. For this lower-qj, discharge, the growing disruption precursor event led directly into the plasma disruption; no delay period, as seen in the higher-q^ shot, was evident. An expanded view of the period leading up to the precursor and ultimate disruption for a shot with finite delay is shown in Fig. 5 . Plasma parameters for this discharge were I p = 510 kA, I p = 1.9 MA-s" 1 , q^ =3.0, <| 3 t > = 3.1%, and <0 t >/0 c = 1 . 5 . Plotted in the figure from the top are the displaced toroidal flux, A4> t , the neutron flux, the time integrated Mirnov coil signal, 6#, the raw Mirnov coil signal, B#, and a near-central chord from the vertically viewing SXR array. The discharge shown here is different from that shown in Fig. 4 ; however, the essential features of the MHD activity are the same. In this finite delay shot, a 14 kHz signal grew on a time-scale of 200 /xs just before the event. Here, the growth time is taken to be the time for the oscillation to grow to its pre-disruption amplitude from 1/e of that amplitude. The peak-to-peak amplitude of the magnetic fluctuation just prior to the event was 9 G, corresponding to B^/B^ ^ 0.5% at the position of the coil (approximately 30 cm beyond the outer edge of the plasma and situated near the outer vessel wall), where B# is the poloidal field at the coil. The total poloidal field reduction at this coil position due to the event was approximately 85 G. As will be discussed, this change in poloidal field was position dependent, and it does not reflect a change in the total plasma current, which remained constant through the event and during the delay period.
The drop in the central SXR signal and neutron flux reflects the loss of plasma stored energy inferred from the drop in diamagnetic loop signal (top trace). The drop in toroidal flux indicates a loss of approximately 30% of the plasma plus beam stored energy at the time of the event. The drop in neutron flux at the event is 65%, and it probably represents a combination of both a radial redistribution of fast ions into regions of lower thermal neutral density, and a decrease in production due to changes in plasma parameters at this time (e.g. shorter slowing down time due to reduced T e ) [13] . Beam induced reactions dominated thermonuclear reactions under these conditions. Associated with the drop in neutron flux at the time of the event was a sharp increase in the flux of charge exchange (c-x) neutrals from the plasma (not shown). The increase in c-x flux may indicate an actual increased loss of fast ions, their radial redistribution, or merely an increase in neutral density over the c-x sightline. The coincidence of the c-x burst and the drop in neutrons lends itself more to the explanation of a radial redistribution, or actual increased loss, of fast ions at this time. The energy lost from the plasma due to the event was never recovered, and the displaced toroidal flux remained constant until the ultimate disruption approximately 2 ms after this pre-disruption event. It was this predisruption event, and not the disruption itself, that was the <| 3 t > limiting process at low q^, because of the significant loss of energy from the plasma.
An expanded view of the period of time just before the disruption in a zero delay shot is shown in Fig. 6 . Here, all the energy was lost at the time of the event, as evidenced by the drop in displaced toroidal flux and soft X-ray signals (no neutron data were available for 
Pre-disruption event
In this section, we will discuss the event following the precursor mode growth in more detail and relate the structure of this event to the associated plasma energy loss. Here, we focus on shots with non-zero delays, where the event did not coincide with the disruption and, therefore, accounted for only a partial energy loss from the plasma. The pre-disruption event occurred simultaneously across the plasma to within the temporal resolution of the SXR data acquisition hardware (5 /us). This indicates the global nature of the modes involved in these low-q discharges, for the subset of non-zero delay discharges.
Time averages of the chord integrated horizontal SXR signals before and after the event were taken in order to construct the profile of the change in SXR emissivity through the event. In the absence of time resolved plasma density and temperature profiles during this time, the SXR profiles thus constructed serve as a guide to the change in plasma energy across the profile. The profiles for three typical events are shown in Fig. 7 , and the profiles shown in this figure this particular discharge, but the neutrons also dropped to zero in similar plasmas). For this shot, the frequency of the disruption precursor oscillation, 13 kHz, is similar to that in the non-zero delay shot. Also similar is the magnetic fluctuation amplitude, 10 G peak-topeak, corresponding to BQ/BQ « 0.6%. However, unlike the previous example, the mode grew more rapidly, with a growth time of 50 fis. Also note that the central SXR oscillation amplitude in the zero delay shot is only approximately 30% of that in the non-zero delay shot. This difference is not caused by differences in the SXR profile peakedness; for the case discussed, the SXR profiles were very similar.
For all the cases studied, the precursor oscillations as seen on the soft X-ray array exhibited a dominant m = odd (most probably m = 1) poloidal structure. The signals observed on the magnetic probes always showed a dominant m = odd/n = 1 structure in all cases for which the m/n numbers could be determined. The m = odd/n = 1 structure was apparent in these cases even when q^ > 4. For the cases in which the m-component could be identified, which was the majority of cases studied, it was an m = 3. While some even-m component was also present, the m = even amplitude was generally less than 50% of that of the odd component. The precise m-number of the even component could not be identified. The upper and lower extents of these bean shaped plasmas, as shown in Fig. 1 , were at Z = ± 50 cm; however, the SXR data beyond Z = ±42 cm were poor.
As can be seen in the figure, the AS/<S> profile varied greatly. For example, the profile for shot 97447 shows a decrease in the central SXR channel of 6% and an inversion radius at Z = ± 10 cm. Associated with this event was a 9% drop in 0 pol . In terms of energy loss, this particular event was one of the mildest observed. Shot 95822 exhibits an inversion radius farther away from the plasma centre, at Z = ± 18 cm, and a much greater drop in the central SXR channel, approximately 40%. The relative loss of plasma stored energy was 18%. There is the suggestion of a second inversion near Z = ±35 cm; however, the large data uncertainties in this region prevent anything more than speculation on this point. The SXR structure for shot 95722 exhibits no inversion; that is, the SXR signals decreased across the plasma without exhibiting any region of increased emissivity. For this discharge, the drop in the central SXR signal reached 70%, and the total energy loss was 29%. The SXR signals show a minimum drop near Z = ±25 cm, the same radius as the maximum AS/(S> for the other two cases. The source of this effect is not apparent, although several possibilities exist. One possibility is that the feature at Z = ±25 cm is due to some localized emissivity, although the recurrence of this feature in discharges with different parameters tends to make this explanation alone unlikely. Another possibility, as mentioned, is that the depression in the profile beyond Z = ±25 cm signifies a reconnection at another rational surface (e.g. q = 2.) The feature at Z = ±25 cm may, therefore, be a localized region of relative 'good' confinement, between two reconnection or stochastic regions, giving rise to AS/<S> > 0 (or, as in the case of shot 95722, a region in which AS/<S> is less negative). It is tempting to infer from the profile for shot 95722 (AS/<S> < 0 everywhere) that the entire plasma underwent some process of field line ergodization.
For the low-q^ discharges studied here, the relationship between the plasma energy loss at each event and the structure of the SXR profile across the event was a generally consistent feature. A subset of eleven events with non-zero delay and with high time resolution SXR data at the time of interest was used, and the results are shown in Figs 8(a) and (b) . The relative loss of plasma energy across the event is plotted as a function of inversion radius in Fig. 8(a) and against AS(0)/<S(0)> in Fig. 8(b) . While scatter does exist in the data, especially in Fig. 8(a) , the general trend is that the relative energy loss appears to increase with both AS(0)/<S(0)> and inversion radius. It is also the case that the inversion radius and AS(0)/<S(0)> are related, the drop in the central SXR signal increasing with inversion radius, and thus the region of energy reduction, and total energy loss, increases. A feature of these events, however, is that there is little way to predetermine the structure of the event from discharge or precursor mode characteristics before the event. In particular, the structure of the event (e.g. AS(0)/<S(0)> or inversion radius) was studied with respect to <|3 t >, <j3 t >/j3 c , q^, and frequency, amplitude, growth rate, and mode structure (ratio of central to edge fluctuation amplitudes) of the precursor mode oscillation. No obvious dependence on any of these parameters was observed. This is in agreement with the results found by Takahashi et al. [8] who concluded that there was no clear characterization of the precursor activity which was associated with crashes resulting in large energy loss.
The events differ from conventional sawteeth in that they always led to some loss of energy from the plasma, and they exhibited inversion radii that were larger than those of sawteeth. A discussion of these details can be found in Ref. [8] .
Delay perio d
As was seen in Fig. 5 , the delay period, the period of time between the pre-disruption event and the actual disruption, appeared to be quiet in terms of oscillatory MHD activity. This was especially true for the raw Mirnov coil signal. Some small amplitude oscillations were sometimes observed internally on the SXR signals (see Fig. 5 ). However, these fluctuations, even when present, were apparently benign and unrelated to the ultimate disruption.
A clear picture of the plasma behaviour during the delay period is obtained by examining the integrated magnetic probe signals. To zeroth order, the change in Bfl yields qualitative information regarding the in/out motion of the plasma, while the change in B r indicates the up/down motion (both of which may be related through helicity). The change in the structure of the plasma during the delay period was examined in this fashion for a subset of twenty-five discharges. The number of discharges in this subset was determined by both the availability of data and the discharge having a non-zero delay period.
The integrated signals from the toroidal array of B r -loops clearly indicate growth of a stationary mode. In particular from these loops, the stationary mode appears to have a predominantly n = 1 toroidal structure. Of interest is that, despite the stationary nature of the growing mode, for at least one case, the plasma was still rotating during a portion of the delay period (as measured by CHERS). A generally consistent feature of the growing n = 1 B r structure is the position of the B r nulls; that is, the toroidal locations at which the change in 8 r through the delay period is near zero. Because of the predominance of the n = 1 structure, each discharge exhibited two B r null locations. A statistical picture of this observation is shown in Fig. 9 . Plotted in the figure is the number of occurrences of the B r nulls as a function of toroidal angle. The bimodal distribution reflects the n = 1 structure, with the B r nulls occurring at toroidal locations of approximately 0 = 120° and 300° measured clockwise from North. An examination of the material surfaces and field errors was made to determine the cause of the precise positioning of the mode lock. No material feature could readily be identified with either the positions of the B r nulls or extrema. In addition, the toroidal field (TF) error was determined to be zero with respect to the TF reference point within measurement uncertainties, ruling this out as a source for the lock position. However, the TF reference point itself was shifted radially outward, with respect to the vessel centre, by « 4 mm at 0 = 120°, the same toroidal position as the B r nulls. Since the plasma will follow the TF, this shift, and the resulting asymmetry of the poloidal field coils with respect to the TF, is the most likely candidate for determining the mode lock position. The toroidal and poloidal arrays of B# loops yield a better picture of the in/out motion of the plasma, as well as the distortion of the plasma shape during the delay period, than does the B r loop array. Analysis of the Bfl loop toroidal array indicates also a strong n = 1 growing perturbation, but it also indicates an n = 0 
FIG. 10. Schematic illustration indicating the direction and qualitative magnitude of the PBX plasma surface perturbation as inferred from the change in B Q at each coil during the delay period. The length of each arrow is normalized to a 50 G change in B e (see scale in the figure). Arrows pointing away from the coils indicate a decrease in B e at the coil and therefore a corresponding motion of the plasma surface away from the coil. Arrows pointing towards the coils indicate an increase in B d there and motion towards the coil.
The sequence of salient events leading up to the ultimate plasma disruption in non-zero delay shots may be understood as follows. The growth of the n = 1 precursor oscillation leads to a sawtooth-like 'crash' which is accompanied by a significant loss of energy from the plasma. This loss of energy results in an inward shift of the plasma, in particular an inward shift of the magnetic axis. The inward shift of the axis for a cylindrical plasma can be estimated from pressure balance [18] . For a 25% decrease in plasma energy due to the pre-disruption event, the inward shift of the magnetic axis can be expected to be as much as 10 cm for typical low-q^ discharge parameters and a magnetic decay index of n = -2 (typical for PBX fields). While this estimate of inward shift is a crude estimate and is valid for, at most, a weakly shaped plasma, the sequence of events was modelled for an actual PBX discharge using the Tokamak Simulation Code (TSC) [19] , and good agreement was found between the experimental and computed magnetic signals. In that modelling exercise, a discharge with an extreme energy loss, i.e. one with zero delay, was the basis of the calculation. The inward shift of the axis in turn led to a growth rate of the axisymmetric vertical instability which was on an ideal time-scale [19] . On this time-scale, the active feedback system of PBX was unable to maintain the vertical position of the plasma.
perturbation of equal magnitude. The n = 0 perturbation is in a direction so as to reflect an inward shift of the outside and inside boundaries of the plasma at all toroidal locations.
Analysis of the remainder of the poloidal BQ loop array indicates severe distortions in the plasma boundary shape during the delay period, as shown in Fig. 10 . A schematic of an undistorted plasma is shown; the arrows indicate the relative magnitude and direction of the surface distortion normalized to a 50 G change in BQ measured at each loop (see scale in figure) . As can be seen in the figure, the plasma for this particular shot was pushed in and down, pinched at the midplane, and tilted in the counterclockwise direction through the course of the delay period. The most common features of this temporal surface distortion for all the cases studied were the inward shift and midplane pinching of the plasma, and the vertical motion, although there were almost as many discharges that moved upwards as discharges that moved downwards. The vertical loss of the plasma following an event in PBX was also shown by Itami et al. [7] .
Statistical analysis of disruption parameters
In this section we will examine the various disruption characteristics statistically in an attempt to understand the features of the mode and plasma that allow the discharge to survive the longest. In addition, the statistical view will allow us to determine better whether the mode responsible for the disruptions at the lowest q^ (<3) is the same as that at slightly higher q^ (>4). We can determine this by noting whether the disruption parameters exhibit smooth or discontinuous variations in the range of q^-values studied. The parameters we will focus on are precursor mode frequency, mode growth times, relative fluctuation amplitudes, and delay times.
In Fig. 11 , we show the precursor mode frequency as a function of q^. The mode frequencies ranged from 0 to 25 kHz, and, while a great deal of scatter does exist, generally increased with q^, ranging from < 12 kHz for q^ < 3 to values in excess of 20 kHz at highest q^. As is seen in the plot, two discharges exhibited a growing zero frequency mode; these were shots with zero delay, and the zero frequency growth is interpreted as a growing locked mode, as was the case for the mode growth during the delay period. The mode frequency was found not to be a function of either <0 t > or <]3 t )//3 c . The ratio of the mode frequency to plasma rotation frequency, f^/f^, is plotted in Fig. 12 as a function of q^. For most of the points plotted, the plasma rotation frequency was taken at the plasma centre. In about 20% of these shots, central rotation velocities were not measured, and off-axis values were taken. However, values were always taken within 7 cm of the axis (r/a « 0.20). The first feature to note from the figure is that the range of f M /f R values went from zero to > 1.5 and exhibited a great deal of variability within limited q^ ranges. This indicates that the precursor mode was decoupled from the central plasma rotation. A coupling between the two would lead to constant fj^/^R f°r all Qi// > 0T at least far less variability in the range of values for each q^ range. This decoupling of mode and rotation frequency is consistent with the observation that the plasma could be rotating even during the delay (mode lock) period.
The second feature to note from the figure is that, while there is again a great deal of scatter in the data, the mode frequency in general increased relative to the rotation frequency as q^ increased. The reason for this is that while f R exhibited no functional dependence on q^, the mode frequency increased with q^, as was seen in Fig. 11 . It is clear from these figures that the plasma characteristics controlling the mode frequency are not simply determined. The mode frequency was most likely determined by either some global, profile dependent average of some parameter (not likely to be rotation frequency since f M /f R > 1 at the higher q^), or by some local internal characteristic whose position is q-dependent.
The growth time of the disruption precursor mode, TQ , is plotted in Fig. 13 as a function of q^. Here, q^ is the value taken just before the disruption or pre-disruption event, and the growth time is defined as before. While there is no apparent trend between growth times and q^, what emerges from the figure is the range and variability of r G for all, and at each, qT he growth times range from 20 JUS to 2 ms. As was discussed in a previous paper [5] , these growth time values span the range between those expected from ideal and resistive MHD time-scales. As was also pointed out in the previous paper, growth times of order 100 /is can be accounted for within the framework of ideal MHD theory by taking into account the evolution of the discharge equilibrium through the marginal state for instability. Nevertheless, the majority of discharges do exhibit growth times in excess of 100 us, and therefore cannot be readily explained on the basis of ideal MHD theory alone. While there was no apparent dependence of mode frequency on plasma rotation, this was not the case for the mode growth time. Figure 14 shows the growth time as a function of central (or near central) rotation velocity. The figure indicates a relationship (albeit weak) between v^ and T G , with the shorter growth times (faster mode growth) associated with the faster rotating plasmas. There is some variability in injected power for the shots shown in the graph (P^j « 2.5-5 MW); however, neither the growth times nor rotation velocities show any clear statistical trend with beam power that could account for the dependence shown in Fig. 14. The dependence of T G on u^ is retained even if the data are constrained to a narrower range of beam powers. Additionally, any dependence of growth times or rotation velocities on the relative amount of parallel to perpendicular injection power was ruled out. The dependence shown in Fig. 14 may indicate a relationship between the plasma viscosity or momentum diffusivity that can slow down the plasma rotation, and the non-ideal effects such as resistivity that can slow the mode growth rate [20] .
The relative amplitude of the fluctuations in the soft X-ray emission is plotted in Fig. 15 (a) as a function of q^. This relative amplitude is given by the ratio of §, the amplitude of the fluctuation, to <S>, the 
FIG. 15. (a) Normalized fluctuation amplitude as determined from a near-central soft X-ray emissivity signal plotted as a. function of q^; (b) normalized near-central soft X-ray fluctuation amplitude plotted as a function ofSL-J2.
mean emissivity along the line of sight. Although the quantities are derived from chord integrated measurements, no systematic dependence of SXR profile width on q^ was found; therefore, the parameter S/<S> may be related to the oscillation amplitude of the internal mode. Figure 15 (a) indicates that the lower fluctuation amplitudes occurred in discharges that have survived to lower q^. Therefore, suppression or reduction of the internal oscillation amplitude through current profile modification may be one route towards attaining low q^. On the other hand, the causal relation may be reversed; plasma conditions or profile shapes that allowed the discharge to survive to lower q^ are ones that may have naturally led to lower internal fluctuation amplitudes. Possible effects to this end include the precise value of q(0), the location of the q = 1 surface, or the q-profile at q = 1. At present, there are no measurements of the q-profile or q(0), and there is no way of determining this causal relationship unambiguously.
One indication of how the internal fluctuations depend on current profile shape is the dependence on 2/2, where 9.-J2 was computed from a between shots equilibrium code using the diamagnetic loop signal and flux loop signals as input. In about 30% of the cases used, the latter measurement was not available, and 9.J2 was determined from an empirical expression relating this parameter to q^. The values of 9.-J2 determined in this fashion agreed well with those computed using the measured j3 pol , for the same discharge, when the values were compared. As seen in Fig. 15(b) , the fluctuation amplitude increases with increasing 9.J2 (more peaked current profile). As can also be seen, there is little difference in this dependence for discharges with zero or non-zero delay. There is a group of four points at high 9.-J2 (>0.30) exhibiting small relative fluctuation amplitudes (<0.15). Statistically, there is no difference between this group of discharges and those at the high or low [S/<S>,J2 i /2] end. That is, the SXR profiles for this group of points exhibit the same range of peakedness (which affects £ directly) as those at the other extremes. The only difference found was in the value of </3 t >/|3 c . For those four discharges, </3 t >//3 c = 1.7 to 1.8, while for the discharges at the other extremes, <j3 t >/j3 c « 1.3 to 1.6. Nevertheless, the overall trend in the figure does suggest that broader discharges, with lower shear in the central region, exhibit smaller relative fluctuation amplitudes. However, this dependence has no influence on whether the discharge will disrupt immediately after the event or with some finite delay.
We would also like to note that while the SXR relative fluctuation amplitude showed some dependence on q^ and 9.-J2, it was found to have no dependence on <j3 t > or </3 t >/0 c . The relative edge fluctuation level, as determined from $Q/BQ, however, increased as <j3 t > or <|3 t >/j3 c increased, but showed no dependence on q^ or fij/2.
Finally, we turn to the statistical characteristics of the delay period. Plotted in Fig. 16(a) is the delay time, r D , as a function of q^. The first feature to note from Fig. 16(a) is that zero delay shots essentially extend through the entire range of q^ studied. The second feature is that, in general, the average delay time for each narrow range of q^ increases as a function of q^. The horizontal bars represent straight averages of the delay times in each Aq^ = 0.5 bin. The average delay time increases from zero in the lowest bin to « 9 ms in the highest q^ range. It is also seen that the envelope value of r D also increases with increasing q^. What may also be a significant feature of Fig. 16 (a) is the behaviour of discharges at integer q^ values, where 'spikes' in the distribution of delay times appear. While this may be a real feature, the possibility that this is a spurious observation due to limited data cannot be ruled out.
An additional dependence appears to be between the delay time and <0 t >. This is shown in Fig. 16(b) . At the lowest </3 t > values, the delay times can be greatest, and few shots have zero delays. On the other hand, above <j3 t > = 3.7%, all shots have zero delay times.
In Fig. 14 it was shown that the fastest rotating plasma behaved in a manner most consistent with ideal MHD theory with respect to the precursor mode growth time, the fastest growth rates being associated with the fastest rotating plasmas. In Fig. 17 we show a complementary result, where the delay time is plotted as a function of rotation velocity. The highest rotation velocity plasmas are clearly associated with discharges that only have zero delay. If, as mentioned in the previous section, we take the change in the soft X-ray profiles across the pre-disruption event for non-zero delay shots as indicative of some resistive process, then it is the slowly rotating plasmas that appear to be most resistive (e.g. slowest growth rates and non-zero delays).
4. CONCLUSIONS
Summary
To summarize, low-q^ operation in PBX has indicated that disruptions always occur for discharges with q^ < 3.3. This result is independent of the proximity to the theoretical /3-limit for these low-q^ values, although the precise character of the disruption can vary greatly. A caveat is that the inevitability of disruption may be unique to the transient nature of PBX low-q^ operation; the PBX plasmas were highly elongated and low-q^ was obtained by strongly ramping the plasma current ( i p > 1.5 MA-s" 1 ). Non-disruptive discharges at q^ « 2.5 were routinely attained in PDX diverted discharges; however, the elongation of these diverted discharges was «1.0.
The disruptions in PBX were preceded by the growth of a precursor mode oscillation, and the culminating crash of this mode led to a disruption either immediately or with a delay of several milliseconds. In the latter case, the crash, or pre-disruption event, is the /3-limiting process, and it is associated with only a partial energy loss from the plasma with no current disruption. Additionally, in these non-zero delay shots, the change in the soft X-ray emissivity profile across the event may indicate the occurrence of some resistive process, either localized reconnection or more widespread field line ergodization. The period between the event and the actual disruption is one of stationary mode growth and one where the plasma, because of an inward shift of the magnetic axis as a result of the energy loss, becomes vertically unstable and is lost.
The details of the disruption precursor mode exhibit a large range of variability. The mode frequency varies from a few to * 20 kHz on a shot to shot basis, but shows no apparent coupling to the plasma rotation frequency. Growth times of the mode vary from « 1 0 us to a few milliseconds, and the fastest growing modes, and discharges with shortest delay times, are more often seen in plasmas with the largest rotation velocities. The delay times show additional dependences, decreasing with decreasing q^ or increasing <0 t >. The latter dependence implies that disruptions are almost always immediate near the <j3 t > limit. The internal fluctuation amplitude generally decreases with decreasing q^ and broader current profile (lower 9.-J2).
The data strongly suggest that over the range of qŝ tudied (=2.5 to 4.5), the disruptions are caused by different manifestations of the same global mode. This conclusion is based primarily on the continuum of disruption characteristics and the continuous change of these characteristics with changes in the various discharge parameters. Different global modes would most likely have sharply contrasting characteristics in the different ranges of q^ studied. The data suggest a transition from a more ideal MHD-like condition to a more resistive one as q^ increases and </3 t > decreases.
Discussion
While the observed dependence of the internal fluctuation level on q^ and £j/2 may well be a crucial indicator for low-q^ operation, the causality of this dependence is uncertain. Whether the lower internal fluctuation amplitudes allowed the discharge to survive to lower q^, or whether the discharge parameters or profiles that enabled the discharge to survive to lower q^ suppressed the internal fluctuations merely as a by-product, is not known. Even in the first case, where the internal fluctuation amplitude would have a direct bearing on the discharge survival, the way to proceed for future low-q^ operation is unclear. The reason for this uncertainty is the physical source and, therefore, the potential means of suppressing the internal oscillations. One possible source of these oscillations is the current driven n = 1 internal kink mode. For this to be the case, q(0) < 1, and the mode will generally be localized to inside the q = 1 surface. If internal kinks are the source of these internal modes, they can be effectively stabilized in the presence of indented flux surfaces near the q = 1 rational surface [21] . As was seen for the high-<j3 t > equilibrium shown in Fig. 1 , very little indentation could be produced near the q = 1 surface.
An alternative source of the internal oscillations are pressure driven 'infernal modes' [22] . These modes can exist for q(0) > 1 and can even have an m = 1 /n = 1 contribution in the absence of a q = 1 surface [22] . Whether internal kinks or infernal modes dominate depends critically on the details of both the current and pressure profiles, details that are beyond the capabilities of the diagnostic set on PBX. Knowing how the infernal modes behave with plasma shaping alone is difficult because of pressure profile effects. For fixed pressure profile, flux surface shaping (indentation) that leads to lower shear will actually have a destabilizing effect on these infernal modes, although stabilization can be effected if the pressure profile is broadened so that the pressure gradient is shifted to lie outside the low shear region.
The data, unfortunately, cannot distinguish between the two possible modes (current driven internal kinks or pressure driven infernal modes). No q(0) measurement exists; therefore this method of identification is not available. We do note, however, that the lowest-q^, discharges do not exhibit the internal kink driven 'fishbone' oscillations near the time of the disruption. On the other hand, the lower internal fluctuation amplitude with broader current profile (lower shear) may at first seem incompatible with the hypothesis that the internal fluctuations are due to infernal modes since these modes are more unstable in the presence of low central shear. However, since we do not know the details of the pressure profiles for these shots, we are again unable to conclude anything regarding the source of these internal fluctuations.
Earlier discussions of these low-q^ disruptions identify the ideal external kink to be the cause. These conclusions were based primarily on global stability calculations [4] , and some comparisons between the details of the observed and theoretically expected MHD activity for this mode [5] . Nevertheless ;t was recognized in Jahns et al. [5] that the non-ideal effects were important. Key conclusions from this present study are that the mode responsible for the disruption and/or </3 t > limit is neither purely external nor purely ideal. That the mode is not purely external is obvious from the presence and importance of the internal fluctuations. While the free energy for the oscillation leading to the disruption may come from the edge, the oscillations are clearly coupled to the plasma interior. Such coupling is achievable even within the framework of ideal MHD theory. It is of interest to point out, in light of the discussion in the previous paragraph, that the internal eigenmodes calculated for a high-</3 t > equilibrium were dominated by the pressure driven terms [5] . Additionally, as seen in Fig. 7 , the energy loss associated with the </3 t > limiting pre-disruption event can be localized not at the edge of the plasma, but rather in the centre (shots 97447, 95822).
The other key conclusion from this study is that the mode is not purely ideal. The first piece of evidence for this assertion is the growth time of the mode leading to the disruption or pre-disruption event. While growth times of tens or even hundreds of microseconds can be accounted for within the framework of ideal theory [5, 23] , the largest number of discharges studied here have growth times in excess of hundreds of microseconds, up to several milliseconds. A conducting wall has a stabilizing effect on ideal modes, and is one way of slowing down growth times by an order of magnitude.
Another effect which would slow the mode growth rates is the existence of some finite plasma resistivity. The m = 2/n = 1 tearing mode has historically been throught of as one fundamental cause of plasma disruptions [24] [25] [26] [27] [28] [29] . The disruption is believed to occur when the 2/1 island overlaps with a 3/2 island, or contacts the limiter directly. The 2/1 tearing mode has recently been invoked to explain high-<|3 t > disruptions on the D-III tokamak [30] . While there is no clear evidence from either the soft X-ray or Mirnov coil array that 2/1 islands exist within the PBX plasmas at these low-q^, we do note the existence of at least some m = even/n = 1 component from the Mirnov coil signals for the discharges studied. However, in practically all cases, the m = 3 component amplitude is greater than that of the even-m component by at least a factor of two. In addition, it was not possible to determine whether the even-m component was m = 2. We do not rule out the possibility of 3/1 tearing islands being responsible for the observed oscillations.
The existence of shots with pre-disruption events that lead to energy loss but not current loss is also evidence for the resistive character of the modes, or more specifically the resistive character of the mode 'crashes'. The structure of the SXR profile change across the time of the event can reflect an energy loss in the central portion of the plasma, but an increased emissivity farther out. This energy transfer at NUCLEAR FUSION, Vol.28, No. 11 (1988) constant I p may be explained by magnetic reconfiguration of the internal portion of the plasma brought about by resistive reconnection near the q = 1 surface and perhaps an additional reconnection region at higher rational qw, surfaces. Alternatively, the large regions of AS(0)/<S(0)> < 0, in some cases extending over the entire plasma, suggest more extensive stochastic behaviour of the field lines. Stochasticity in the growth of an m = 1 tearing islands had been invoked to explain the character of internal disruptions in TFR [31, 32] and large energy loss sawteeth in PBX [8] . On the other hand, it is believed that the growth of an ideal m = 1 mode is responsible for the rapid sawtooth collapses in JET [33, 34] . The importance of non-ideal effects (e.g. a resistive plasma mantle) for PBX plasmas was shown quantitatively in Jahns et al. [5] .
How the resistive nature of the plasma may affect future tokamak operation (e.g. CIT) is unknown. The PBX device is being modified on the basis of theoretical grounds that close fitting conducting walls will stabilize the n = 1 ideal external kink. The objective of PBX-M, the modified PBX, is to explore the second stability regime to ballooning. To do this, the disruptive limit of the external kink must be overcome, and stabilization of this ideal mode will be attempted with the close fitting walls. However, the passive stabilization properties of the conducting walls may be offset by the longer time-scales characteristic of the resistive regime and, in particular, of discharges exhibiting stationary mode growth. The PBX-M device will be able to address this crucial issue.
